Collagen X is a short chain collagen expressed specifically by the hypertrophic chondrocytes of the cartilage growth plate during endochondral bone formation. Accordingly, COL10A1 mutations disrupt growth plate function and cause Schmid metaphyseal chondrodysplasia (SMCD). SMCD mutations are almost exclusively located in the NC1 domain, which is crucial for both trimer formation and extracellular assembly. Several mutations are expected to reduce the level of functional collagen X due to NC1 domain misfolding or exclusion from stable trimer formation. However, other mutations may be tolerated within the structure of the assembled NC1 trimer, allowing mutant chains to exert a dominant-negative impact within the extracellular matrix. To address this, we engineered SMCD mutations that are predicted either to prohibit subunit folding and assembly (NC1del10 and Y598D, respectively) or to allow trimerization (N617K and G618V) and transfected these constructs into 293-EBNA and SaOS-2 cells. Although expected to form stable trimers, G618V and N617K chains (like Y598D and NC1del10 chains) were secreted very poorly compared with wild-type collagen X. Interestingly, all mutations resulted in formation of an unusual SDS-stable dimer, which dissociated upon reduction. As the NC1 domain sulfhydryl group is not solventexposed in the correctly folded NC1 monomer, disulfide bond formation would result only from a dramatic conformational change. In cells expressing mutant collagen X, we detected significantly increased amounts of the spliced form of X-box DNA-binding protein mRNA and up-regulation of BiP, two key markers for the unfolded protein response. Our data provide the first clear evidence for misfolding of SMCD collagen X mutants, and we propose that solvent exposure of the NC1 thiol may trigger the recognition and degradation of mutant collagen X chains.
Collagen X is a major constituent of the pericellular matrix of hypertrophic chondrocytes within the cartilage growth plate (1) , and the expression of collagen X during endochondral ossification is intimately linked to the onset of cartilage calcification and extracellular matrix remodeling (2) . The absence of a functional collagen X network in mice is associated with displacement of proteoglycans, altered mineral deposition, compression of the growth plate, and hematopoietic changes (3) (4) (5) . Based on these studies, it has been proposed that collagen X interactions within the cartilage extracellular matrix establish the correct microenvironment for matrix mineralization and subsequent bone development.
The human ␣1(X) collagen chain has a short collagenous domain flanked at the C and N termini by globular NC1 and NC2 domains. The NC1 domain plays a critical role in intracellular trimer formation (6, 7) and also contributes to the stability of extracellular collagen X networks (8, 9) , probably involving aromatic residues exposed on the surface of each NC1 subunit (10) . Mutations in the COL10A1 gene result in Schmid metaphyseal chondrodysplasia (SMCD), 1 an autosomal dominant disorder of the osseous skeleton associated with growth plate deformities (11) (12) (13) . Apart from two mutations that affect signal peptide cleavage (14) , SMCD mutations are located in the NC1 domain (1, 15) . Despite a lack of phenotypic variation in affected patients, the SMCD mutations identified to date range from amino acid substitutions to nonsense mutations and deletions resulting in premature termination codons. Analysis of the effect of SMCD mutations in vitro and in vivo has generated several alternative hypotheses for the underlying disease mechanism. In the case of nonsense mutations, analysis of cartilage from two SMCD patients with collagen X premature termination codons (W611X and Y632X) demonstrated complete nonsense-mediated decay of mutant mRNA (16, 17) . Although cartilage has not been available from other patients with nonsense or frameshift mutations, recent studies using transfection of engineered mouse gene constructs into chondrocytes have shown that premature termination codon mutations throughout the gene region coding for the NC1 domain result in nonsense-mediated decay. 2 However, premature terminations close to the normal stop codon (such as NC1del10) may escape degradation at the mRNA level and produce NC1 domains with short C-terminal truncations. These data strongly suggest that mRNA surveillance and degradation of transcripts with premature termination codons by nonsensemediated decay, resulting in haploinsufficiency, are the most common disease mechanism in SMCD patients with nonsense or frameshift mutations.
Investigation of the effect of missense mutations on collagen X structure and function has relied on analysis of collagen X assembly and secretion in vitro. Both haploinsufficiency due to compromised collagen X assembly and dominant effects on collagen X function (either at the level of trimer formation or within the extracellular matrix) have been proposed as underlying disease mechanisms. Indeed, several SMCD missense mutants coassemble with wild-type ␣1(X) collagen chains in vitro (18 -20) , consistent with a dominant-negative disease mechanism.
Careful analysis of the NC1 domain crystal structure and molecular modeling studies predict a degree of heterogeneity in the effect of missense mutations on NC1 domain folding and assembly (10, 20) . Accordingly, mutations have been divided into three classes. Class I substitutions (C591R, G595E, Y597H, L614P, and L644R), which prohibit correct NC1 domain folding due to disruption of hydrophobic interactions within the subunit core, are likely to be excluded from collagen X assembly, resulting in haploinsufficiency. Class II mutations (S600P, S671P, and Y598D) are located within the solventfilled region of the trimer center and may prevent the formation of stable NC1 trimers. However, class III mutations (N617K, G618V, D648G, and W651R) may be tolerated within the structure of the assembled NC1 trimer and perturb collagen X supramolecular assembly or interactions within the cartilage matrix.
Although supported by some experimental data, other results are inconsistent with these predictions. For example, in semipermeabilized cells, the N617K substitution results in marked reduction in trimer thermal stability compared with W651R, another class III mutation (18) . In transfected cells and in a bacterial expression system capable of producing folded NC1 trimers, both Y598D and G618V mutations prevent collagen X assembly (21) (22) (23) . Intriguingly, these data suggest that SMCD mutations that are theoretically tolerated within the native NC1 trimer, such as N617K and G618V, may still, in a cellular context, compromise trimer formation. This raises the possibility that the interaction of NC1 subunits may be altered by subtle conformational changes within structural elements of the NC1 domain apparently not directly involved in monomer or trimer stability.
We and others have shown that certain mutant ␣1(X) collagen chains are selectively degraded and do not interfere with wild-type collagen X secretion (21, 23) . This suggests that collagen X assembly is monitored by an efficient quality control mechanism that recognizes misfolded NC1 domains prior to any detrimental effect on normal chain folding. In this study, we have selected SMCD mutations that are predicted either to prohibit subunit folding and assembly (NC1del10 and Y598D, respectively) or to allow trimerization and secretion (N617K and G618V). We have expressed mutant and wild-type collagen X in both 293-EBNA and SaOS-2 cells and found that, like Y598D and NC1del10, the N617K and G618V mutations also prevented efficient secretion. Furthermore, all four SMCD mutations resulted in formation of aberrant disulfide bonds, and expression of mutant collagen X triggered the unfolded protein response. Therefore, this present study is the first to demonstrate a direct link between SMCD mutations and NC1 domain misfolding in the endoplasmic reticulum (ER).
EXPERIMENTAL PROCEDURES
Construction of Wild-type and Mutant Collagen X Expression Constructs for Stable Transfection-For the stable expression of His 6 -tagged collagen X in transfected cells, we generated five expression constructs (pCEP4-WT-His, pCEP4-Y598D-His, pCEP4-G618V-His, pCEP4-N617K-His, and pCEP4-NC1del10-His) encoding ␣1(X) sequences flanked at the N termini by sequences encoding the BM40 signal peptide, a His 6 tag, and an enterokinase cleavage site. The wild-type, Y598D, and NC1del10 constructs have been described previously (21) . To generate the pCEP4-G618V-His construct, collagen X sequence encoding the NC1 domain containing the G618V mutation was excised from the plasmid pTM1-h10GV (23) by BamHI digestion. This 740-bp fragment was ligated into pCEP4-WT-His from which the equivalent wild-type sequence had been excised by BamHI digestion. The pCEP4-N617K-His construct was created by strand overlap extension PCR using primer set N617K-F (5Ј-CTGTATAAGAAGGGCAC-CCCTGTA-3Ј) and HX6-NotI (5Ј-GCGGCCGCCTTTTCAGCCTACCTC-CATA-3Ј) or primer set N617K-R (5Ј-TACAGGGTGCCCTTCTTATAC-AG-3Ј) and HX-SP-NotI (5Ј-GCGGCCGCGTGTTTTACGCTGAACGAT-A-3Ј) to generate independent fragments with overlapping sequences. Additional sequences encoding NotI restriction enzyme sites were added to the primers (underlined) to enable subsequent cloning into the plasmid pCEP4-BM40-HisEK (24) . All PCRs were performed at 60°C for 35 cycles using 0.5 units of DeepVent polymerase (New England Biolabs Inc.), and PCR products were purified by agarose gel electrophoresis using QIAquick columns (Qiagen Inc.). Second round PCRs were carried out with primers HX-SP-NotI and HX6-NotI using 5 ng of the primary PCR products as template. The resulting 2-kb recombinant PCR product was digested with NotI, purified, and ligated with pCEP-4-WT-His from which the equivalent wild-type sequence had been excised by NotI digestion. The construct was sequenced to verify the presence of the N617K mutation and to ensure that no PCR errors were introduced.
Stable Transfection of 293-EBNA and SaOS-2 Cells-The human embryonic kidney 293-EBNA cell line (Invitrogen) and the SaOS-2 osteosarcoma cell line (HTB-85, American Type Culture Collection) were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) fetal calf serum. Cells were passaged at a 1:3 ratio ϳ24 h prior to transfection to achieve 70% confluency at the time of transfection. For each transfection, 6 g of collagen X expression construct DNA was combined with 20 l of FuGENE 6 (Roche Diagnostics) according to the manufacturer's protocol. After 48 h, cells were passaged at a 1:6 ratio into DMEM containing 10% (v/v) fetal calf serum and 250 g/ml hygromycin B (Roche Diagnostics) to select for positive transfectants. Cells were maintained in selection medium as a pool of transfectants and seeded simultaneously into 6-well dishes for subsequent mRNA extraction, protein analysis, and collagen X biosynthetic labeling.
Northern Blotting and Hybridization Analysis-RNA was prepared from transfected and untransfected cells cultured in 6-well dishes at ϳ80% confluence using the RNeasy TM extraction kit (Qiagen Inc.). Electrophoresis, transfer of RNA to nitrocellulose filters, and preparation of a collagen X-specific 32 P-labeled probe were performed as described previously (21) . Filters were exposed to autoradiography film or visualized by phosphorimaging (STORM TM , Amersham Biosciences) where indicated (see "Results").
Biosynthetic Labeling and Immunoprecipitation-Transfected cells were grown to confluence in 6-well plates and incubated for 16 h with 1 ml of methionine-and serum-free DMEM (Invitrogen) containing 0.25 mM sodium ascorbate and 100 Ci of L-[ ]methionine for 1 h. After metabolic labeling, the medium was removed, and cells were rinsed once with phosphate-buffered saline. Immunoprecipitation of ␣1(X) collagen chains in cell lysates and media samples was performed using a mouse monoclonal antibody raised against the His 6 epitope tag (Roche Diagnostics) at a final concentration of 1 g/ml as described previously (21) .
SDS-PAGE and Immunoblotting-Samples were prepared for electrophoresis by heating to 65°C for 10 min in an equal volume of SDS-PAGE sample buffer (50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 20% glycerol and 0.025% (w/v) bromphenol blue) unless otherwise stated. In all experiments, samples were resolved by SDS-PAGE on 7.5% (w/v) acrylamide gels, and labeled proteins were visualized by fluorography. For analysis of cell lysates by immunoblotting, cells were grown to confluence in 6-well dishes, lysed in immunoprecipitation buffer (21) , and clarified by centrifugation at 13,000 ϫ g for 20 min. Soluble proteins were precipitated for 1 h on ice using 9 volumes of ethanol and then recovered by centrifugation at 13,000 ϫ g for 10 min. Proteins were solubilized in 2% (w/v) SDS, and protein concentration measured using the BCA assay (Pierce) to ensure equal loading (0.5 g of protein/lane). After SDS-PAGE, proteins were transferred to nitrocellulose and incubated for 1 h in phosphate-buffered saline containing 0.1% (v/v) Tween 20 (Sigma) in the presence of 5% (w/v) milk protein. Mouse anti-KDEL monoclonal antibodies (Stressgen Biotech Corp.) were used at a final concentration of 1 g/ml, and primary antibodies were detected using a 1:10,000 dilution of horseradish peroxidase-conjugated rabbit antimouse IgG (Dako Corp.). Rabbit anti-collagen X polyclonal antibodies raised against human recombinant collagen X were used at a dilution of 1:2000 and detected using a 1:10,000 dilution of horseradish peroxidase-conjugated goat anti-rabbit IgG (Dako Corp.). Blots were developed by chemiluminescence (ECL TM , Amersham Biosciences) according to the manufacturer's protocol.
Reverse Transcription (RT)-PCR and Primer Extension Analysis of Spliced XBP1
Transcripts-Transfected and untransfected cells were grown to confluence in 6-well dishes, and following a 2-h incubation in fresh DMEM containing 0.25 mM sodium ascorbate, RNA was extracted using the RNeasy TM extraction kit. RNA samples were treated with DNase I (Ambion, Inc.) to remove traces of genomic DNA. To generate PCR products corresponding to the spliced and unspliced forms of the XBP1 transcript, a cDNA template was first synthesized from mRNA with reverse transcriptase and random hexamers (Roche Diagnostics) as primers using 100 ng of total RNA/reaction. With sense (5Ј-GGAGT-TAAGACAGCGCTTGG-3Ј, bp 401-420) and antisense (5Ј-ACT-GGGTCCAAGTTGTCCAG-3Ј, bp 648 to 629) primers spanning the XBP1 RNA processing sequence (GenBank TM accession number AB076383), we amplified PCR products corresponding to unspliced and spliced XBP1 (248 and 222 bp, respectively) for 35 PCR cycles using a primer annealing temperature of 60°C. The products were resolved on 2.5% (w/v) agarose gels and visualized under ultraviolet light. To differentiate between spliced and unspliced XBP1 RNAs by primer extension analysis, we used an 18-mer oligonucleotide (5Ј-TCTGCTGAGTC-CGCAGCA-3Ј, bp 490 -507), which is extended by a single cytosine when annealed to unspliced XBP1 cDNA and by two guanosine nucleotides when annealed to spliced XBP1 cDNA. Template for each reaction was prepared by RT-PCR using the conditions described above. Primer extension reactions were performed essentially as described (17) using 5 ng of each cDNA template and 2 Ci of either [␣- 33 P]dGTP or [␣-
33 P]dCTP (PerkinElmer Life Sciences). The products were resolved on a 15% (w/v) denaturing polyacrylamide gel containing 7 M urea, and the radioactivity of the primer extension products was quantified by phosphorimaging.
RESULTS

Effect of SMCD Point Mutations on Collagen X Secretion in
Transfected 293-EBNA Cells-We have recently shown that collagen X chains harboring the SMCD mutation Y598D assemble very poorly in stably transfected cells and are retained and degraded (21) . Analysis of the NC1 domain crystal structure revealed that the substitution of Tyr 598 with a charged Asp residue would compromise trimer stability by interfering with tight intersubunit assembly (10) . To further investigate the molecular mechanism underlying SMCD, we have analyzed two more SMCD missense mutations, G618V and N617K, which, unlike Y598D, are predicted to permit trimerization of ␣1(X) collagen chains (10, 20) . The G618V and N617K substitutions map to the surface of the assembled NC1 trimer and are therefore believed to interfere with subsequent collagen X supramolecular assembly and/or extracellular interactions. For initial transfection experiments, we elected to use the human embryonic kidney cell line 293-EBNA transfected with His 6 -tagged collagen X cDNAs. Collagenous and non-collagenous human recombinant proteins expressed in 293-EBNA cells undergo post-translational modifications such as N-and O-linked glycosylation, disulfide bond formation, oligomerization, and secretion (25) (26) (27) (28) (29) .
To compare the effects of the missense mutations Y598D, G618V, and N617K on assembly and secretion of ␣1(X) collagen chains, we transfected 293-EBNA cells with wild-type and mutant collagen X cDNAs. Transfected cells were metabolically labeled for 16 h, and collagen X chains were recovered from cell and media fractions by immunoprecipitation with anti-His 6 antibodies. Consistent with previous results in stably transfected cells expressing wild-type and Y598D ␣1(X) collagen chains (21) , the Y598D chains were secreted very poorly in comparison with wild-type chains (Fig. 1a, lanes 5 and 6) . After disruption of collagen X immunocomplexes in 2% (w/v) SDS, secreted ␣1(X) collagen chains migrated as a mixture of trimers and monomers. To confirm that ␣1(X) collagen chains were secreted only as trimers, we analyzed the medium of 293-EBNA cells expressing wild-type collagen X by ethanol precipitation, followed by denaturation in 1% (w/v) SDS-PAGE buffer (Fig. 1c) . We identified a single major protein band at the expected position of the collagen X trimer (lane 1), which dissociated into ␣1(X) collagen monomers in the presence of trichloroacetic acid (lane 2).
Like Y598D, the N617K mutation resulted in very low levels of ␣1(X) collagen in the medium, and G618V chains were completely absent in the media fractions (Fig. 1a, lanes 6 -8) . We confirmed that this effect was not due to instability of the mutant transcripts, as comparable levels of expression were identified by Northern analysis (Fig. 1d) . Therefore, our data indicate that all three missense mutations inhibit collagen X secretion in 293-EBNA cells.
Effect of SMCD Point Mutations on Collagen X Assembly in
Effect of SMCD missense mutations on collagen X assembly and secretion in transfected 293-EBNA cells. cDNAs encoding His 6 -tagged wild-type collagen X (WT) and three SMCD missense mutations (Y598D, G618V, and N617K) were transfected into 293-EBNA cells and maintained as a pool of stable positive transfectants. Expression at the mRNA level was confirmed by Northern analysis of collagen X mRNA (see "Experimental Procedures" for details) (d). Transfected cells were biosynthetically labeled for 16 h, and collagen X chains were recovered from cell and media fractions by immunoprecipitation using anti-His 6 antibodies. Immunocomplexes were denatured by heating to 65°C for 10 min in 2% (w/v) SDS-PAGE buffer with (b) or without (a) 20 mM dithiothreitol, separated on 7.5% acrylamide gels, and visualized by fluorography. Conditioned medium from unlabeled 293-EBNA cells transfected with wild-type collagen X cDNA was analyzed to confirm that secreted ␣1(X) collagen chains were trimeric (c). Collagen X chains were precipitated by incubation of 400 l of conditioned medium with 3 volumes of ethanol (lane 1) or 10% (v/v) trichloroacetic acid (lane 2) for 1 h on ice. Collagen X was recovered by centrifugation at 13,000 ϫ g for 20 min, and the dried pellets were heated to 65°C in 1% (w/v) SDS-PAGE buffer for 10 min. Samples were separated on a 7.5% polyacrylamide gel, and protein bands were visualized by Coomassie Blue staining.
Transfected 293-EBNA Cells-In addition to the defect in collagen X secretion caused by the three missense mutations, we observed significant differences in trimer stability. In all transfections, a significant fraction of intracellular ␣1(X) collagen chains migrated as monomers (Fig. 1a, lanes 1-4) . The remaining wild-type ␣1(X) collagen chains migrated as trimers (lane 1). In striking contrast, a very minor fraction of SMCD ␣1(X) collagen chains migrated as trimers, whereas significant amounts of mutant chains migrated at the expected position of ␣1(X) collagen dimers (lanes 2-4) . To investigate the nature of the interactions contributing to NC1 multimer stability, samples were treated under conditions identical to used in the previous experiment, except for the addition of 20 mM dithiothreitol to the SDS-PAGE buffer. Whereas a similar banding pattern was observed for wild-type chains (Fig. 1, a and b, lane  1) , the ␣1(X) collagen dimers were completely dissociated into monomers under reducing conditions (Fig. 1b, lanes 2-4) . This indicates that correctly assembled NC1 subunits are stabilized by noncovalent forces, whereas the SMCD chains form dimers that are linked by disulfide bonds. Our results therefore provide strong evidence that the mutant ␣1(X) collagen chains misfold into a conformation not adopted by the native NC1 domain, leading to aberrant disulfide bond formation.
Misfolding of SMCD Mutant Collagen X Chains in SaOS-2 Cells-One potential limitation of recombinant protein expression in 293-EBNA cells is the very high expression level of the exogenous protein, which may compromise ER quality control. This has been shown in a recombinant collagen VI expression system in which unassembled ␣1(VI) and ␣2(VI) collagen chains are secreted (30) . We therefore sought additional evidence that the disulfide bond formation associated specifically with the SMCD mutants was not an artifact of recombinant protein expression in 293-EBNA cells. We transfected SaOS-2 bone cells with wild-type and SMCD missense mutants and analyzed ␣1(X) collagen chain secretion by metabolic labeling as described above. Collagen X chains were recovered from cell and media fractions by immunoprecipitation, and samples were resolved by SDS-PAGE (Fig. 2a) . In agreement with the pattern of collagen X secretion in 293-EBNA cells and our previously published data (21), Y598D, G618V, and N617K chains were not detected in media fractions (lanes 8 -10) . Because of the presence of protein bands in the media fraction that comigrated with the collagen X trimers, we analyzed media samples by immunoblotting using anti-collagen X antibodies (Fig. 2b) . As expected, the medium from cells transfected with wild-type collagen X gave a strong signal at the position corresponding to a collagen X trimer (lane 2). A very weak collagen X band was detected in cells expressing the N617K mutant, whereas G618V and Y598D chains were absent (lanes 3-5). Although we detected some variation in transcript levels by Northern blotting, comparable expression was observed in cells transfected with the G618V and wild-type collagen X cDNA constructs, indicating that the poor secretion of mutant ␣1(X) collagen chains was not linked to low expression levels (Fig. 2c) .
In contrast to the pattern of intracellular collagen X bands observed in 293-EBNA cells (Fig. 1a) , we could not identify ␣1(X) collagen chain dimers in SaOS-2 cells transfected with mutant collagen X after 16 h of biosynthetic labeling. Our previous study demonstrated that mutant collagen X chains are degraded in SaOS-2 cells as part of secretion quality control (21) . Therefore, at the end of an overnight metabolic labeling experiment, it is likely that the majority of misfolded or unassembled collagen X chains have been degraded. To investigate this possibility, we pulse-labeled SaOS-2 cells expressing wildtype and mutant collagen X for 1 h and isolated nascent collagen X chains from the intracellular fraction by immunoprecipitation. Samples were analyzed by SDS-PAGE under reducing and nonreducing conditions to allow detection of disulfidebonded collagen X chains (Fig. 3) . Wild-type ␣1(X) collagen chains migrated as a mixed population of monomers and trimers, which was unaltered by the addition of reducing agents (lanes 1 and 5) . In contrast, an additional band with a faster FIG. 2 . Analysis of wild-type and mutant collagen X assembly and secretion in transfected SaOS-2 cells. cDNAs encoding His 6 -tagged wild-type collagen X (WT) and three SMCD missense mutations (Y598D, G618V, and N617K) were transfected into SaOS-2 cells and maintained as a pool of stable positive transfectants. Expression at the mRNA level was confirmed by Northern analysis of collagen X mRNA (see "Experimental Procedures" for details) (c). Untransfected SaOS-2 cells and transfected cells were biosynthetically labeled for 16 h, and collagen X chains were recovered from cell and media fractions by immunoprecipitation using anti-His 6 antibodies. Samples were denatured by heating to 65°C in 2% (w/v) SDS-PAGE buffer, separated on 7.5% acrylamide gels, and visualized by fluorography (a). Conditioned media harvested from untransfected and transfected cells were also analyzed by immunoblotting using anti-collagen X antibodies to verify that the major labeled protein band in a corresponds to ␣1(X) collagen chains (b).
electrophoretic mobility than that of the collagen X trimer was present in samples from cells expressing the Y598D, G618V, and N617K chains (lanes 2-4) . Consistent with the migration pattern of SMCD mutants in 293-EBNA cells, a small fraction of Y598D and N617K trimers could be detected after pulse labeling. Under reducing conditions, most of the SMCD ␣1(X) collagen chains migrated as a single protein band corresponding to the collagen X monomer (lanes 6 -8) . Therefore, although SMCD chains appear to be less stable in SaOS-2 cells than in 293-EBNA cells, our data show that, in both transfection systems, SMCD missense mutations result in formation of disulfide-bonded chains, which are absent in cells transfected with wild-type collagen X.
Effect of the SMCD Frameshift Mutation NC1del10 on Collagen X Assembly and Secretion in Transfected 293-EBNA Cells-The
NC1del10 frameshift mutation is caused by a 10-bp deletion within the NC1 domain coding sequence, introducing nonsense sequence from residue 623 3 to a premature termination at residue 673 (31) . As the most C-terminal portion of the NC1 polypeptide chain is buried in the hydrophobic core, the introduction of nonsense sequence and premature termination is predicted to completely abrogate subunit folding (10) . In agreement with this prediction, we and others have shown that this mutation prevents secretion of collagen X in transfected cells (21, 23) . To ascertain experimentally whether NC1del10 subunits misfold, we expressed NC1del10 cDNAs in 293-EBNA cells. We observed comparable expression at the mRNA level by Northern analysis (Fig. 4c) . Cells transfected with wild-type and NC1del10 collagen X cDNA constructs were biosynthetically labeled for 16 h, and ␣1(X) collagen chains were recovered from cell and media fractions by immunoprecipitation with anti-His 6 antibodies (Fig. 4, a and b) . As expected, very little mutant collagen X was evident in the media fraction compared with the level of wild-type collagen X secretion (Fig. 4a, lanes 3  and 4) . Also in contrast to the wild-type ␣1(X) collagen chains, a population of intracellular NC1del10 chains migrated as dimers (lane 2). As shown for the Y598D, G618V, and N617K chains (Fig. 4b) , the NC1del10 dimers dissociated under reducing conditions, thus apparently stabilized by disulfide bonds
(lane 2).
A significant fraction of intracellular NC1del10 chains also appeared to migrate as SDS-stable trimers (Fig. 4a, lane 2) . This was unexpected, considering the poor level of secretion and the deleterious effect that C-terminal truncation is predicted to have on subunit folding. However, whereas the wildtype ␣1(X) collagen trimers were resistant to reducing agents (Fig. 4, a and b, lane 1) , the mutant NC1 trimer completely dissociated under reducing conditions (Fig. 4b, lane 2) , indicating that these trimers were stabilized by disulfide bonds. The NC1del10 frameshift introduces nonsense sequence that codes for a second cysteine residue at position 647 (Fig. 5a) . The presence of a second cysteine within the mutant NC1 domain therefore allows formation of a disulfide-bonded trimer, where both cysteine residues of either one or three NC1del10 chains participate in disulfide bond formation (Fig. 5b) .
Expression of SMCD Mutant Collagen X Is Associated with Activation of the Unfolded Protein Response-Our results demonstrate that the NC1del10 ␣1(X) collagen frameshift mutation 3 The base pairs in the COL10A1 coding sequence are numbered from the translation start site (58). The NC1del10 mutation is a 10-bp deletion that introduces nonsense amino acid sequence from residue 623 to a premature termination at residue 673. The cDNA encoding NC1del10 chains was transfected into 293-EBNA cells, and Northern blotting was used to confirm expression at the mRNA level (c). Cells expressing wild-type (WT) and NC1del10 chains were biosynthetically labeled for 16 h, and ␣1(X) collagen chains were recovered by immunoprecipitation using anti-His 6 antibodies. Immunocomplexes were denatured by heating to 65°C in 2% (w/v) SDS-PAGE buffer with (b) or without (a) 20 mM dithiothreitol, separated on 7.5% acrylamide gels, and visualized by fluorography. The migration positions of collagen X monomers, dimers, and trimers are indicated. and the missense mutations Y598D, G618V, and N617K dramatically impair correct intersubunit interactions and subsequent progression of collagen X through the secretory pathway. Although it is unlikely that the different mutations cause identical conformational changes, the formation of non-native disulfide bonds is evidence that all the SMCD mutations analyzed in this study cause a degree of NC1 domain misfolding. The cellular response to misfolded proteins in the ER is activation of a complex signal transduction pathway called the unfolded protein response (UPR) (reviewed in Refs. 32 and 33). The UPR, which has evolved to limit the potential damaging effects of unfolded protein on cellular homeostasis, culminates in the induction of ER stress response genes by two potent transcription factors, activating transcription factor-6 and XBP1 (X-box DNA-binding protein-1) (34, 35) . In cells undergoing ER stress, active XBP1 is generated by excision of a 26-nucleotide sequence from the XBP1 transcript by IRE1 endonuclease, one of three ER transmembrane "stress sensors" (36) . Interestingly, accumulation of mutant collagen X within hypertrophic chondrocytes of transgenic mice expressing the del13 mutation (a 13-bp deletion that is equivalent to the human NC1del10 SMCD mutation) triggered the UPR, as illustrated by enhanced splicing of XBP1. 4 To determine whether the UPR is associated specifically with the del13 mutation or whether missense mutations also elicit the UPR, we analyzed the relative proportions of spliced and unspliced XBP1 mRNAs in 293-EBNA and SaOS-2 cells transfected with wild-type, Y598D, N617K, G618V, and NC1del10 cDNAs. Cells were grown to confluence and incubated in fresh medium for 2 h prior to RNA extraction to avoid exposure of the cells to ER stress induced by glucose starvation. After reverse transcription of mRNA, XBP1 sequences were amplified using primers flanking the target sequence for IRE1 endonuclease, and PCR products were resolved on 2.5% agarose gels (Fig. 6, a and b) . In 293-EBNA cells expressing wildtype collagen X, we observed only a very faint band corresponding to processed XBP1, which was also present in untransfected 293-EBNA cells (Fig. 6a, lanes 1 and 2) , indicating that synthesis and secretion of normal collagen X do not induce ER stress. In contrast, we found that, in cells expressing mutant collagen X chains, a significant fraction of XBP1 PCR products migrated as the processed form (lanes 3-6) , indicating that the IRE1-induced splicing of XBP1 mRNA can be triggered by collagen X chains harboring frameshift and missense mutations. However, in SaOS-2 cells, we found little evidence of XBP1 processing in any of the transfectants (Fig. 6b,  lanes 2-6) .
Although RT-PCR can provide semiquantitative analysis of XBP1 processing, we elected to use a more sensitive technique to accurately quantify the ratios of spliced and unspliced XBP1 present in 293-EBNA and SaOS-2 cells expressing wild-type and SMCD mutant collagen X. Therefore, we performed primer extension with an 18-mer oligonucleotide primer complementary to the XBP1 sequence 5Ј to the splice site. Following synthesis of cDNA template using RT-PCR amplification of XBP1 sequences, equal amounts of template were added to duplicate sets of primer extension reactions including either radioactive dGTP or radioactive dCTP to differentiate spliced and unspliced XBP1. The primer is extended by two guanosines when annealed to template corresponding to spliced XBP1 and by a single cytidine when annealed to unspliced XBP1 template. Resolution of primer extension products on a 15% denaturing acrylamide gel identified radioactive bands corresponding to 19-and 20-mer products (Fig. 6, c and d) . In 293-EBNA cells expressing wild-type collagen X, we detected spliced and unspliced XBP1 primer extension products at a ratio of 0.25:1, similar to the value of 0.17:1 in untransfected cells (Fig. 6c,  lanes 1-4) . However, in 293-EBNA cells expressing the collagen X mutants, the ratio of spliced and unspliced XBP1 ranged from 0.75:1 to 1.10:1 (lanes 5-12) , representing a 4 -6-fold increase in XBP1 processing relative to untransfected cells. In SaOS-2 cells, we detected a 2-4-fold increase in XBP1 processing in cells expressing mutant collagen X relative to untransfected cells (Fig. 6d, lanes 1, 2, and 7-12) . It is possible that the more modest stress response we observed in SaOS-2 cells reflects a difference in mutant collagen X processing. This is consistent with our biosynthetic labeling experiments suggesting more rapid degradation of mutant collagen X chains in SaOS-2 cells. Taken together, our RT-PCR data and the results from primer extension analysis demonstrate that misfolded ␣1(X) collagen chains trigger the processing of XBP1, a key marker for cells undergoing ER stress.
The activation of XBP1 results in up-regulation of ER-resident molecular chaperones and components of the ER-associated degradation machinery (37, 38) . To investigate whether the enhanced processing of XBP1 associated with mutant collagen X produces a physiological response within 293-EBNA cells, we analyzed the levels of BiP (immunoglobulin heavy chain-binding protein), a key downstream target of XBP1 (39) . 293-EBNA cells were seeded into 6-well dishes and grown to confluence, and equal amounts of cell extracts were separated by SDS-PAGE and transferred to a nitrocellulose filter. The filter was probed initially with anti-KDEL antibodies and subsequently with antibodies raised against collagen X. In comparison with untransfected 293-EBNA cells, expression of wild-type collagen X resulted in a slight increase in BiP levels (Fig. 6e, lanes 1 and 2) . However, we detected significantly greater levels of intracellular BiP in cells expressing Y598D, G618V, and N617K collagen X mutants (lanes 3-5) and slightly higher levels of BiP in cells expressing NC1del10 chains (lane 6). Analysis of intracellular collagen X revealed that the steady-state level of collagen X mutants was lower than that of wild-type chains (Fig. 6f, lanes 2-6) , indicating that up-regulation of BiP is specifically related to mutant collagen X expression and is not a function of protein load within the ER of the transfected cells.
DISCUSSION
The results of this study provide new insights into how a broad range of SMCD mutations affect collagen X stability. One striking aspect of our data is that all three missense mutations caused the same secretion defect, regardless of their location within the NC1 domain three-dimensional structure. Molecular modeling of collagen X NC1 domain trimers and resolution of their crystal structure revealed that SMCD mutations could affect collagen X assembly either at the level of individual trimer formation or at the supramolecular level (10, 20) . Mutations that introduce buried charge at the NC1 subunit interface are likely to compromise assembly and be unstable within the ER. Hence, Y598D chains were secreted very poorly in stably transfected cells (Figs. 1 and 2) , consistent with our previous results (21) . Mutations located on the exterior of the NC1 trimer, such as N617K and G618V, are predicted to allow trimerization, but to compromise supramolecular assembly (10) . However, in this study, we have provided substantial evidence that neither N617K nor G618V ␣1(X) collagen chains form native NC1 domains in a cellular context. The poor assembly and secretion of G618V chains are not surprising given the trace levels of secretion detected in transiently transfected cells (23) . These data are supported by in vitro studies clearly demonstrating that the G618V mutation weakens the NC1-NC1 interactions involved in trimer formation (40) . The impaired secretion of N617K chains was not predicted from the NC1 domain three-dimensional structure model, as a lysine residue at this position of exterior loop DE is theoretically permitted (10) . Although Asn 617 is conserved among human, mouse, bovine, and chicken collagen X sequences, it is substituted with a lysine in ACRP30. However, the sequence context is considerably divergent between human collagen X (Asn 617 -Gly-Trp-Pro-Val-Met) and human ACRP30 (Lys 617 -Asp-LysAla-Met-Leu), suggesting that the local side chain interactions within this region of the trimer surface may differ between ACRP30 and collagen X. There is also experimental evidence that the N617K substitution in bovine collagen X significantly reduces trimer stability in the ER (18) . Therefore, although the G618V and N617K substitutions are not predicted to affect trimer stability, we have shown that NC1 domain folding and assembly are also dependent upon interactions involving residues ultimately located on the trimer exterior.
In this study, we have identified novel disulfide-bonded collagen X species that are associated specifically with SMCD mutations and not wild-type collagen X. Native collagen X trimers are stabilized by strong noncovalent interactions that are not affected by reducing agents (7, 9, 41) . Recent analysis of the NC1 domain crystal structure has confirmed that correctly folded NC1 domains are precluded from disulfide bond forma- FIG. 6 . Analysis of markers for the UPR in 293-EBNA and SaOS-2 cells transfected with wild-type and mutant collagen X. Untransfected (Control) and collagen X-transfected 293-EBNA and SaOS-2 cells were seeded into 6-well dishes and grown to confluence prior to RNA extraction. XBP1 mRNA splicing in 293-EBNA cells (a) and SaOS-2 cells (b) was analyzed by RT-PCR using a primer pair flanking the IRE1 target site within the XBP1 transcript. The PCR products were separated on 2.5% agarose gels, and the two bands corresponding to spliced (Xbp1 s ) and unspliced (Xbp1 us ) XBP1 mRNAs are indicated by arrows. To quantify the relative levels of spliced and unspliced XBP1 mRNAs, we performed primer extension analysis of XBP1 processing in untransfected (Control) and collagen X-transfected 293-EBNA cells (c) and SaOS-2 cells (d). Template for each reaction was generated by RT-PCR (see "Experimental Procedures"). The 18-mer oligonucleotide designed to anneal specifically to XBP1 at a site 5Ј to the IRE1 processing site and the two expected primer extension products are illustrated above c. G* and C* represent 33 (Control) and collagen X-transfected 293-EBNA cells were separated on a 7.5% SDS-polyacrylamide gel, and proteins were transferred to nitrocellulose. The filter was initially probed with anti-KDEL antibodies (e) and then with anticollagen X antibodies (f) to ascertain the level of intracellular collagen X under steady-state conditions. WT, wild-type collagen X. tion (10) . The Cys 591 sulfhydryl group projects into the subunit interior and forms part of a hydrogen bond network that stabilizes the hydrophobic subunit core (Fig. 7b) . Importantly, the Y598D, G618V, and N617K mutations do not directly affect side chain interactions involving Cys 591 (Fig. 7a) . To expose the Cys 591 thiol group to solvent, these mutants clearly adopt a non-native conformation that dramatically alters the overall subunit structure. This is consistent with the observation that the G618V and Y598D mutations cause increased susceptibility of the NC1 domains to proteolysis (22) . Therefore, our data indicate that, within the ER of mammalian cells, missense mutations and the NC1del10 nonsense mutation result in serious NC1 domain folding defects.
Although not involved in disulfide bond formation, Cys 591 of collagen X is highly conserved. One possible role is the intracellular retention of misfolded ␣1(X) collagen chains. Our data are consistent with a model in which NC1 misfolding causes a conformational switch that unmasks the Cys 591 thiol group, leading to targeting of mutant ␣1(X) collagen chains for degradation. A similar mechanism exists for the removal of both unassembled (42) and misfolded (43-45) major histocompatibility complex heavy chains, which also undergo aberrant disulfide bond formation due to exposure of a reactive thiol group. In 293-EBNA cells, after biosynthetic labeling, the intracellular mutant ␣1(X) collagen chains exist as a mixed population of monomers, dimers, and, in the case of NC1del10 chains, disulfide-bonded trimers. It is unclear whether mutant ␣1(X) collagen multimers are reduced prior to disposal via the same mechanism as unassembled chains or whether a separate degradation pathways exists. The results from our previous study indicate that either scenario is possible, as multiple pathways are involved in the degradation of SMCD chains (21) . We also reported that mutant chains interact stably with protein-disulfide isomerase, an ER chaperone capable of retaining unassembled or misfolded proteins within the ER. In contrast, mutant NC1 domains expressed in bacteria specifically copurify with GroEL, the bacterial homolog of BiP (22) . As part of this study, we were unable to identify stable interaction of mutant collagen X chains with BiP either by chemical crosslinking or by co-immunoprecipitation (data not shown). Another potential candidate for ER retention of mutant collagen X is ERp44, which has been shown to interact with exposed unpaired thiol residues (46 -49) . Additional studies are in progress to elucidate whether Cys 591 acts as an ER retention signal and whether ERp44 has a role in the quality control of collagen X secretion.
The consequences of ␣1(X) collagen chain misfolding in the growth plates of SMCD patients are likely to depend on the ability of hypertrophic chondrocytes to efficiently degrade mutant collagen X prior to any dominant effects. Our data illustrate that the response to misfolded collagen X may vary in different cell lines, as SMCD mutants trigger a more dramatic UPR in 293-EBNA cells than in SaOS-2 cells. One explanation is that unstressed SaOS-2 cells express higher constitutive levels of ER chaperones compared with 293-EBNA cells (data not shown). It is also possible that SaOS-2 cells are equipped with more efficient mechanisms for recognition and targeting of misfolded ␣1(X) collagen chains for degradation, consistent with the observation that mutant ␣1(X) collagen dimers are less stable in the ER of SaOS-2 cells. Whether the chondrocytes of SMCD patients become overloaded with misfolded collagen X is likely to depend upon their capacity to sort and degrade misfolded collagen X. The clearest example of a chondrodysplasia in which ER function is compromised is pseudoachondroplasia (50) . The intracellular retention of cartilage oligomeric matrix protein (COMP) in the chondrocytes of pseudoachondroplasia patients leads to massive distortion of the ER, induction of the UPR, and increased apoptosis (51, 52) . In the absence of SMCD-affected tissue samples, we cannot determine whether the chondrocytes of SMCD patients exhibit a similar phenotype. Although SMCD and pseudoachondroplasia are both caused to some extent by impaired protein secretion, the fundamental mechanisms underlying the two diseases are likely to be very different. First, the emerging model for the molecular basis of pseudoachondroplasia is the retention of large protein aggregates within the ER due to the heterotypic interaction of COMP with collagen IX and matrilins (51, 53, 54) . Interaction studies from our laboratory have shown binding of collagen X to several members of the small leucine-rich proteoglycan family, 5 although if these interactions are physiological, they are more likely to take place in the extracellular matrix than in the ER. Second, in all cases of pseudoachondroplasia described to date (reviewed in Ref. 55) , the mutant COMP molecules contain normal coiled-coil oligomerization domains, thus allowing co-assembly of wild-type and mutant COMP subunits into pentamers and secretion of mutant COMP into the extracellular matrix (56) . Our data suggest that SMCD mutations prevent NC1 domains from folding correctly, reducing the likelihood of stable heterotrimer formation and secretion of mutant ␣1(X) collagen chains (21) .
The SMCD phenotype results from functional haploinsufficiency in at least two patients, due to nonsense-mediated decay of alleles with premature stop codons (16, 17) . In contrast, no 5 disease-causing mutations that introduce premature stop codons in COMP have been described to date, and the COMPnull mouse has no apparent skeletal phenotype (57), consistent with a gain-of-function mechanism underlying pseudoachondroplasia. Therefore, our data support a model in which, in most cases of SMCD, misfolding of collagen X chains results in selective intracellular retention and degradation of mutant chains by quality control mechanisms within the ER. Whether expression of mutant collagen X generates ER stress and has a wider impact on chondrocyte function in vivo is the target for future work.
